We report a comprehensive study of dc susceptibility, specific heat, neutron diffraction, and inelastic neutron scattering measurements on polycrystalline Ba3(Cr1−xVx)2O8 samples, where x=0, 0.06, 0.15, and 0.53. A Jahn-Teller structure transition occurs for x=0, 0.06, and 0.15 samples and the transition temperature is reduced upon vanadium substitution from 70(2) K at x=0 to 60(2) K at x=0.06 and 0.15. The structure becomes less distorted as x increases and such transition disappears at x=0.53. The observed magnetic excitation spectrum indicates that the singlet ground state remains unaltered and spin gap energy ∆=1.3(1) meV is identical within the instrument resolution for all x. In addition, the dispersion bandwidth W decreases with increase of x. At x=0.53, W is reduced to 1.4(1) meV from 2.0(1) meV at x=0.
I. INTRODUCTION
The Heisenberg gapped spin-1/2 coupled dimer system is one of the paradigms of low-dimensional quantum magnetism. The dominant quantum fluctuation prevents forming the long-range magnetic order even down to T =0 K. The ground state is known to be a singlet with a energy gap ∆ to a triplet of magnons. In recent decades, this system has been extensively studied both experimentally and theoretically. The intriguing quantum critical behavior of Bose-Einstein condensation of magnons induced by an applied magnetic field [1] [2] [3] [4] [5] [6] and the effect by hydrostatic pressure has been one avenue of research [7] [8] [9] [10] [11] . Another external parameter that enables tuning the ground state is doping with non-magnetic impurities. For example, long-range antiferromagnetic order has been observed by Mg doping of the Cu site in spin-1/2 dimer system TlCuCl 3 12,13 , and by Zn or Si doping at the Cu or Ge site, respectively, in spin-Peierls system CuGeO 3 14,15 .
Lately, a new family of weakly coupled spin dimer systems A 3 M 2 O 8 , where A is Ba 2+ or Sr 2+ and M is a transition ion such as Mn 5+ (S=1) or Cr 5+ (S=1/2), has attracted considerable attention. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] It provides another test bed to study the effect of impurities in the spin dimer system. For instance, recent work on Ba 3 (Mn 1−x V x ) 2 O 8 powder samples indicates that there is no evidence for a phase transition and the singlet-triplet excitations persist for the V 5+ even if they are replaced at a medium level (x=0.3).
28,29
Here we report the effects of chemical substitution in the diluted system Ba 3 (Cr 1−x V x ) 2 O 8 with x=0.06, 0.15, and 0.53. At room temperature, the parent compound, Ba 3 Cr 2 O 8 , crystallizes in a hexagonal structure with space group R3m as shown in Fig. 1(a) . The (CrO 4 ) 3− tetrahedras form triangular bi-layers stacked along the crystallographic c axis.
Dimer singlets are formed by antiferromagnetic intra-dimer coupling J 0 . Those dimers are connected by weak inter-dimer couplings 30 J 1 , J 2 , and J 4 as shown in Fig. 1(b) . Unlike Ba 3 Mn 2 O 8 , Ba 3 Cr 2 O 8 is Jahn-Teller active due to the orbital degeneracy in the e g orbital of Cr 5+ . A Jahn-Teller transition to a monoclinic structure was observed in the neutron diffraction measurement. 19, 20 It is characterized by displacement of the apical oxygen away from its highsymmetry position and thus introduces the anisotropy of inter-dimer couplings ( were ground together and calcined in air at 1200
• C for 40 hours, and then the samples were quenched in liquid nitrogen.
The masses of the powder sample used for neutron measurements are 8.18, 4.60, 8.66, and 11.72 grams for vanadium concentrations of x=0, 0.06, 0.15, and 0.53, respectively. They were loaded into either a 5.08 cm wide square flat plate with thickness 0.4 cm or a cylindrical aluminum can with diameter 0.84 cm and height 6.35 cm.
A dc magnetic-susceptibility measurement was performed on a polycrystalline sample of each vanadium concentration in the temperature range between 2 and 300 K using a superconducting quantum interference device magnetometer in a field of 0.1 T.
The specific heat, C, was measured, for each concentration, by utilizing a commercial setup 31 (Quantum Design, Physical Property Measurement System), where the relaxation method is used.
Neutron diffraction experiments were performed on a powder diffractometer (HB-2A) and a cold neutron triple-axis spectrometer (CTAX) at the High Flux Isotope Reactor, Oak Ridge National Laboratory. At HB-2A, the incident neutron wavelength λ=1.54Å was selected by a Ge (115) monochromator. The data were analyzed by the Rietveld method using the FULLPROF program. At CTAX, the incident neutron energy was selected as 5.0 meV by a PG (002) monochromator and the final neutron energy was also set as 5.0 meV by a PG (002) analyzer. The horizontal collimation was guideopen-80 ′ -open. Contamination from higher-order reflections was removed by a cooled Be filter placed between the sample and the analyzer.
Inelastic neutron scattering (INS) measurements were performed on powder samples using the fine resolution Fermi chopper spectrometer (SEQUOIA) 32, 33 at the Spallation Neutron Source, Oak Ridge National Laboratory, and the disk chopper time-of-flight spectrometer (DCS) 34 at the National Institute of Standards and Technology Center for Neutron Research (NCNR). Time-offlight measurements at SEQUOIA were carried out with an incident beam energy E i = 11 meV chosen by a fine resolution Fermi chopper spinning at a frequency of 180 Hz. The background from the prompt pulse was removed by the T 0 chopper spinning at 60 Hz. At DCS, a disk chopper system was used to select a 167-Hz pulsed neutron beam with E i = 5.67 meV and a pulse width of 79 µs from the NCNR cold neutron source. The full width at half maximum elastic energy resolution was δ ω≃ 0.25 meV and ≃ 0.23 meV at SEQUOIA and DCS, respectively. The beam was masked to match the sample size and an identical empty sample can was used for the background subtraction purpose.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Susceptibility measurement
The DC susceptibility χ(T )=M /H for polycrystalline samples is shown in Fig. 2 . In the parent compound Ba 3 Cr 2 O 8 , we observe a broad maximum due to the contribution from triplet excitations and then a rapid decrease towards lower temperatures, which indicates that the ground state is a non-magnetic singlet state. The observed Curie tail at low temperature is attributed to contributions from the impurity and isolated magnetic ions due to lattice defects. With increased vanadium concentration x, the magnitude of the Curie tail becomes larger since more isolated Cr 5+ ions are formed. There is no evidence of three-dimensional long range order down to the temperature T =1.8 K. We fitted the susceptibility data to:
(
The first term χ dia is the temperature-independent diamagnetic contribution of the sample. The second term χ tail accounts for the divergent behavior at low temper- ature:
where C tail and θ tail are the Curie constant and CurieWeiss temperature of isolated Cr 5+ ions in the sample, respectively. The third term χ m is the extended BleaneyBowers equation 35 for coupled S=1/2 dimers:
where N A is the Avogadro's number, µ B is the Bohr magneton, g is the Landé g factor, k B is the Boltzmann constant, J 0 is the dominant intra-dimer coupling and
is the effective inter-dimer exchange coupling.
The g factor for all samples is fixed at 1.94 as determined from electron-spin resonance measurement. 21 For Ba 3 Cr 2 O 8 , J 0 and J ′ are fixed as 2.38 and -0.44 meV for the undoped compound, respectively, as derived from INS measurement.
20 Table I summarizes the values of fitted parameters for different x. The result indicates that J 0 is not affected by the vanadium doping but J ′ becomes stronger with the increase of x. A similar result was reported from thermodynamic measurement on polycrystalline samples of Sr 3 (Cr 1−x Mn x ) 2 O 8 at x=0.1. 36 The inset of Fig. 2 shows the low-temperature part of χ m (T ) for different concentrations x after subtracting the diamagnetic and Curie-tail contributions. The solid lines shows the Bleaney-Bowers model calculations for different x. The data agree very well with the model up to x=0.15. At high vanadium concentration (x=0.53), the model does not fit the data quantitatively.
B. Neutron diffraction measurement
The crystal structures of Ba 3 (Cr 1−x V x ) 2 O 8 (x=0, 0.06, 0.15, and 0.53) were studied by the neutron diffraction technique. The diffraction patterns of each concentration were measured at T =4 K and 200 K. In Ba 3 Cr 2 O 8 , Rietveld refinement of diffraction data at T =200 K agrees well with the crystal structure of hexagonal R3m symmetry. The similar refinements for x = 0.06, 0.15, and 0.53 samples show that symmetry of the crystal structure is unchanged. Table II summarizes the refined crystal structural parameters for different x. Note that the lattice parameters a and b increase, while the parameter c decreases, with increase of x. However, these changes are rather small and within 0.03%.
As temperature is cooled to 4 K, the parent compound Ba 3 Cr 2 O 8 undergoes a Jahn-Teller transition and the symmetry of the crystal structure is lowered to the monoclinic C2/c phase and is indicated by the appearance of superlattice peaks. The inset of Fig. 3(e) shows the powder diffraction intensity of one of the super lattice peaks, which is indexed as (1,1,1.5) H in terms of hexagonal lattice parameters, as a function of temperature. The observed transition temperature at 70(2) K is consistent with the measurement result on a single crystalline sample. 20 The same temperature dependence of superlattice peak intensity was measured at other concentrations. For samples at x = 0.06 and 0.15, we find that Jahn-Teller transition temperature is reduced to 60(2) K as shown in the insets of Figs. 3(f) and 3(g). However, for the sample with x = 0.53, there is no evidence of any superlattice peak in the neutron diffraction pattern, and the refinement result suggests that the crystal structure does not change between high and low temperature. Therefore, any structural change would be below the sensitivity of the neutron measurement. Table III summarizes the refined crystal structural parameters for different x in the monoclinic phase.
We also examined the (CrO 4 ) 3− tetrahedra angles as illustrated in the insets of Figs. 3(a) and 3(e) . At high temperature, the bond angle of O ap -Cr-O pl is 109.8(2)
• as expected in an ideal tetrahedron. Table IV summarizes the bond angles in the low-temperature monoclinic structure at different x. For the parent compound, the angles of O ap -Cr-O 2pl =115.0(2)
• and O ap -Cr-O 3pl =105.7(2)
• deviate significantly from the value 109.8(2)
• due to the displacement of the apical oxygen. With increase of x, such deviation becomes smaller and may explain why the Jahn-Teller transition disappears for the sample at x=0.53. 
C. Specific heat measurement
On the other hand, we performed the specific heat measurement, which is also sensitive to the structure transition. Fig. 4 shows our zero field specific heat data of Ba 3 (Cr 1−x V x ) 2 O 8 plotted as C/T for x=0, 0.06, and 0.53 as a function of temperature. At x=0 and 0.06, a round maximum below 10 K, a similar feature as observed in the susceptibility data, is contributed from the magnetic triplet excitation. In addition, there is an anomaly at 60-70 K indicative of structure transition due to the Jahn-Teller distortion and consistent with what was reported recently by Wang et al. on a single crystalline sample of Ba 3 Cr 2 O 8 .
37 At high vanadium concentration, x=0.53, the feature of the round maximum becomes very weak and disappearance of the anomaly confirms the absence of any structural transition down to 2 K.
D. Inelastic neutron scattering measurement
To better understand the impurity doping effect on spin dynamics, we performed the neutron spectrscopy on the Ba 3 (Cr 1−x V x ) 2 O 8 system. energy ω. At low temperature, a gapped mode dispersion is readily visible. This feature disappears at high temperature, which verifies the magnetic origin. In order to subtract the temperature-independent background and phonon contribution, we applied the method of detailed balance correction and phonon subtraction, as described in Ref. 38 , to extract the magnetic signal at low temperature. Figure 5(c) shows the INS intensity for Ba 3 Cr 2 O 8 at T =1.5 K after such a background subtraction procedure. There is a clear onset of magnetic scattering for ω ≥1.3 meV and a finite-Q maximum. The magnetic dispersion relation was determined by Kofu et al. from an INS study under the random phase approximation. 20 This method has been successfully applied to various spin systems. [39] [40] [41] [42] [43] Thus the powder data can be modeled by a spherically averaged dynamic spincorrelation function with the single-mode approximation after convolution with the instrumental resolution function:
where Q=ha * +kb * +lc * is a reciprocal lattice vector, R Qω is a unity normalized resolution function and S(Q, ω) is the spherical average of the dynamic spin correlation function S(Q, ω). F (Q) is the isotropic magnetic 
where γ(Q) is the Fourier sum of the inter-dimer couplings. For monoclinic domain 1, γ(Q) is given as:
γ(Q) for other two domains can be obtained by permuting the exchange couplings as:
Figure 5(d) shows the numerically calculated intensity I as a function of Q and ω using Eq. (4) and scaled by an overall factor. It is in good agreement with the data.
The same technique for background subtraction was applied to the other vanadium concentration samples. Figure 6 shows the result for each x, and the INS intensity is scaled to the parent compound by the number of Cr per chemical formula. As we already know that the possible superexchange pathways in the Ba 3 (Cr 1−x V x ) 2 O 8 system are quite complicated and at least up to fourth nearest-neighbor interactions need to be considered, it is intrinsically difficult to uniquely determine all J parameters from powder INS data because of the limit of the spherical average of Q. However, it still provides useful information about the magnetic dispersion. Figure 7 (a) shows the ω-dependence of the magnetic scattering intensity averaged over Q from 0.5 to 1.5Å
for different vanadium concentration samples. It is a measure of the magnetic density of states and allows us to extract information about the spin gap ∆ and band width W of the dispersion. The arrows indicate the location of ∆ and the upper boundary of the magnetic excitation spectrum, separately. It is clear that ∆=1.3(1) meV is unchanged within the instrument resolution so that the singlet ground state persists with vanadium doping up to x=0.53. On the other hand, W becomes smaller with increase of x. At x=0.53, W is reduced to 1.4(1) meV, which is likely caused by the change of J ′ . We also examine the Q -dependence of the magnetic scattering intensity averaged over the energy range from 1.3 to 3.0 meV as shown in Fig. 7(b) . It provides us the information about the spatial spin correlations and in particular the dominant intra-dimer spin spacing d 0 . The data show rounded maxima at Q =1.1 and 2.5Å −1 , which can be well reproduced by the first-momentum sum rule 44 for the powder sample:
where d 0 is 3.977Å and the only fitted parameter at each x is an overall factor. In addition, the analysis of the momentum sum rule indicates that the spectral weight of the gapped mode excitation for the x=0.53 sample is about half as much as that for the parent compound. The observed additional scattering at low energy, possibly due to the structure disorder, accounts for this loss.
IV. CONCLUSION
In summary, we studied the non-magnetic V 5+ doping effect in the Ba 3 (Cr 1−x V x ) 2 O 8 system at x=0, 0.06, 0.15, and 0.53. A Jahn-Teller distortion associated with structural phase transition from a high-temperature rhombohedral structure to a low-temperature monoclinic structure was revealed by neutron powder diffraction and specific heat measurements. Furthermore, such distortion becomes weaker with increase of x and vanishes at x=0.53. The observed magnetic excitation spectrum, from inelastic neutron scattering measurements, indicates that a singlet-triplet spin gap remains intact upon vanadium doping up to x=0.53 but the dispersion bandwidth becomes smaller with increase of x. In conjunction with DC-susceptibility measurement, our experimental results suggest no significant change in strength of the intra-dimer coupling J 0 but an increase in strength of the effective inter-dimer coupling J ′ with this impurity doping. 
